Abstract-In this paper, a novel cooperative non-orthogonal multiple access (NOMA) system is proposed, where one near user is employed as decode-and-forward (DF) relaying switching between full-duplex (FD) and half-duplex (HD) mode to help a far user. Two representative cooperative relaying scenarios are investigated insightfully. The first scenario is that no direct link exists between the base station (BS) and far user. The second scenario is that the direct link exists between the BS and far user. To characterize the performance of potential gains brought by FD NOMA in two considered scenarios, three performance metrics outage probability, ergodic rate and energy efficiency are discussed. More particularly, we derive new closed-form expressions for both exact and asymptotic outage probabilities as well as delay-limited throughput for two NOMA users. Based on the derived results, the diversity orders achieved by users are obtained. We confirm that the use of direct link overcomes zero diversity order of far NOMA user inherent to FD relaying. Additionally, we derive new closed-form expressions for asymptotic ergodic rates. Based on these, the high signal-tonoise radio (SNR) slopes of two users for FD NOMA are obtained. Simulation results demonstrate that: 1) FD NOMA is superior to HD NOMA in terms of outage probability and ergodic sum rate in the low SNR region; and 2) In delay-limited transmission mode, FD NOMA has higher energy efficiency than HD NOMA in the low SNR region; However, in delay-tolerant transmission mode, the system energy efficiency of HD NOMA exceeds FD NOMA in the high SNR region.
I. INTRODUCTION
With the rapid increasing demand of wireless networks, the requirements for efficiently exploiting the spectrum is of great significance in new radio (NR) usage scenarios [2] . To achieve higher spectral efficiency of the fifth generation (5G) mobile communication network, non-orthogonal multiple access (NOMA) has received a great deal of attention [3] .
Recently, several NOMA schemes have been researched in detail, such as power domain NOMA (PD-NOMA) [4] , sparse code multiple access (SCMA) [5] , pattern division multiple access (PDMA) [6] , multiuser sharing access (MUSA) [7] , etc. Generally speaking, NOMA schemes can be classified into two categories, namely power-domain NOMA 1 and code-domain NOMA. Downlink multiuser superposition transmission (DL MUST), the special case of NOMA, has been studied for 3rd generation partnership project (3GPP) in [8] . The pivotal characteristic of NOMA is to allow multiple users to share the same physical resource (i.e., time/fequency/code) via different power levels. At the receiver side, the successive interference cancellation (SIC) is carried out [9] .
So far, point-to-point NOMA has been studied extensively in [10] [11] [12] [13] [14] . To evaluate the performance of uplink NOMA systems, the authors in [10] proposed the uplink NOMA transmission scheme to achieve higher system rate. The expressions of outage probability and achievable sum rates for uplink NOMA were derived with a novel uplink control protocol in [11] . Regarding downlink NOMA scenarios, authors in [12] analyzed the outage behavior and ergodic rates of NOMA networks, where multiple NOMA users are spatial randomly deployed in a disc. In [13] , the cognitive radio inspired NOMA concept was proposed, in which the influence of user pairing with the fixed power allocation in NOMA systems was discussed. As the interplay between NOMA and cognitive radio is bidirectional, NOMA was also applied to cognitive radio networks in [14] . More particularly, the analytical expressions of outage probability was derived and diversity orders were characterized. Apart from the above works, a new opportunistic NOMA scheme was proposed in [15] to improve the efficiency of SIC. In [16] , the flexible power allocation mode was researched in terms of outage probability for hybrid NOMA systems. The quantum-assisted multiple users transmission mode for NOMA was proposed in [17] , which utilizes the minimum bit error ratio criterion to optimize the predefined transmitted information. The author of [18] has studied the linear MUST scheme for NOMA to maximize sum rate of the entire network. With the emphasis on physical layer security, in [19] , authors have adopted two effective approaches, namely protected zone and artificial noise for enhancing the secrecy performance of NOMA networks with the aid of stochastic geometry.
Cooperative communication is a particularly effective ap-proach by providing the higher diversity as well as extending the coverage of networks [20] . Current NOMA research contributions in terms of cooperative communication mainly include two aspects. The first aspect is the application of NOMA into cooperative networks [21] [22] [23] [24] . The coordinated two-point system with superposition coding (SC) was researched in the downlink communication in [21] . The authors in [22, 23] investigated outage probability and system capacity of decode-and-forward (DF) relaying for NOMA. In [24] , the outage behavior of amplify-and-forward (AF) relaying with NOMA has been discussed over Nakagami-m fading channels. The second aspect is cooperative NOMA, which was first proposed in [25] . The key idea of cooperative NOMA is to regard the near NOMA user as a DF user relaying to help far NOMA user. On the standpoint of considering energy efficiency issues, simultaneous wireless information and power transfer (SWIPT) was employed at the near NOMA user, which was regarded as DF relaying in [26] . Although cooperative NOMA is capable of enhancing the performance gains for far user, it results in additional bandwidth costs for the system. To avoid this issue, one promising solution is to adopt the full-duplex (FD) relay technology. FD relay receives and transmits simultaneously in the same frequency band, which is the reason why it has attracted significant interest to realize more spectrally efficient systems [27] . In a general case, due to the imperfect isolation or cancellation process, FD operation may suffer from residual loop self-interference (LI) which is modeled as a fading channel. With the development of signal processing and antenna technologies, relaying with FD operation is feasible [28] . Recently, FD relay technologies have been proposed as a promising technique for 5G networks in [29] . Two main types of FD relay techniques, namely FD AF relaying and FD DF relaying, have been discussed in [30] [31] [32] . The expressions for outage probability of FD AF relaying were provided in [30] , which considers the processing delay of relaying in practical scenarios. In [31] , the performance of FD AF relaying in terms of outage probability was investigated considering the direct link. The authors in [32] characterized the outage performance of FD DF relaying. It is demonstrated that the optimal duplex mode can be selected according to the outage probability. Furthermore, the operations of randomly switching between FD and HD mode were considered for enhancing spectral efficiency in [33] .
A. Motivations and Related Works
While the aforementioned research contributions have laid a solid foundation with providing a good understanding of cooperative NOMA and FD relay technology, the treatises for investigating the potential benefits by integrating these two promising technologies are still in their infancy. Some related cooperative NOMA studies have been investigated in [25, 34] . In [25] , it is demonstrated that the maximum diversity order can be obtained for all users, but cooperative NOMA with a direct link was only considered with HD operation mode. In [34] , the authors investigated the performance of FD device-to-device based cooperative NOMA. However, only the outage performance of far user was analyzed. To the best of our knowledge, there is no existing work investigating the impact of the direct link for FD user relaying on the network performance, which motivates us to develop this treatise. Also, there is lack of systematic performance evaluation metrics i.e., considering ergodic rate and energy efficiency in terms of FD/HD NOMA systems. Different from [25, 34] , we present a comprehensive investigation on adopting near user as a FD/HD relaying to improve the reliability of far user. More specifically, we attempt to explore the potential ability of user relaying in NOMA networks with identifying the following key impact factors.
• 
B. Contributions
In this paper, we propose a comprehensive NOMA user relaying system, where near user can switch between FD and HD mode according to the channel conditions. We also consider the setting of two scenarios in which the direct link exists or not between the BS and far user. Based on our proposed NOMA user relaying systems, the primary contributions of this paper are summarised as follows: 1) Without direct link: We derive the closed-form expressions of outage probability for the near user and far user, respectively. For obtaining more insights, we further derive the asymptotic outage probability of two users and obtain diversity orders at high SNR. We demonstrate that FD NOMA converges to an error floor and results in a zero diversity order. We show that FD NOMA is superior to HD NOMA in terms of outage probability in the low SNR region rather than in the high SNR region. In addition, we also obtain the diversity orders of two users for HD NOMA. Furthermore, we analyze the system throughput in delay-limited transmission according to the derived outage probability. 2) Without direct link: We study the ergodic rate of two users for FD/HD NOMA. To gain better insights, we derive the asymptotic ergodic rates of two users and obtain the high SNR slopes. We demonstrate that the ergodic rate of far user converges to a throughput ceiling for FD/HD NOMA in the high SNR region. Moreover, we also demonstrate that FD NOMA outperforms HD NOMA in terms of ergodic sum rate in the low SNR region. 3) With direct link: We first derive the closed-form expression in terms of outage probability for far user. In order to get the corresponding diversity order, we also derive the approximated outage probability of far user. We find that the reliability of far user is improved with the help of direct link. We confirm that the use of direct link overcomes the zero diversity order of far user inherent to conventional FD relaying. For the near user, the diversity order is the same as that of FD relaying. Additionally, we conclude that the superiority of FD NOMA is no longer apparent with the values of LI increasing.
4) With direct link:
We analyze the ergodic rate of far user for FD/HD NOMA. For this scenario, it is the fact that the ergodic rate of near user is invariant which is not affected by the direct link. Similarly, we also derive the approximated expressions for ergodic rate and obtain the high SNR slopes. We demonstrate that the use of direct link is incapable of assisting far user to obtain additional high SNR slope. 5) Energy efficiency: We derive expressions in terms of energy efficiency for FD/HD NOMA. We conclude that FD NOMA without/with direct link have a higher energy efficiency corresponding to HD NOMA in the low SNR region for delay-limited transmission mode. However, in delay-tolerant transmission mode, the system energy efficiency of HD NOMA exceeds FD NOMA without/with direct link.
C. Organization and Notation
The rest of the paper is organized as follows. In Section II, the system model of user relaying for FD NOMA is set up. In Section III, the analytical expressions for outage probability, diversity order and throughput of FD/HD user relaying are derived and analyzed. In Section IV, the performance of user relaying for FD/HD NOMA are evaluated in terms of ergodic rate. Section V considers the system energy efficiency for FD/HD NOMA systems. Analytical results and simulations are presented in Section VI. Section VII concludes the paper.
The main notations of this paper is shown as follows: E{·} denotes expectation operation; f X (·) and F X (·) denote the probability density function (PDF) and the cumulative distribution function (CDF) of a random variable X; ∝ represents "be proportional to". To analyze HD NOMA, we introduce the switching operation factor detailed in the following.
During the k-th time slot, according to [12] , D 1 receives the superposed signal and loop interference signal simultaneously. The observation at D 1 is given by
where ̟ is the switching operation factor between FD and HD mode. ̟ = 1 and ̟ = 0 denote D 1 working in FD and HD mode, respectively. Based on the practical application scenarios, we can select the different operation mode. x LI [k − τ ] denotes loop interference signal and τ denotes the processing delay at D 1 with an integer τ ≥ 1. More particularly, we assume that the time k satisfies the relationship k ≥ τ . P s and P r are the normalized transmission powers at the BS and D 1 , respectively. x 1 and x 2 are the signals for D 1 and D 2 , respectively. a 1 and a 2 are the corresponding power allocation coefficients. To stipulate better fairness between the users, we assume that a 2 > a 1 with a 1 + a 2 = 1. The SIC 3 [36] can be invoked by D 1 for first detecting D 2 having a larger transmit power, which has less inference signal. Then the signal of D 2 can be detected from the superposed signal. Therefore, the received signal-to-interference-plus-noise ratio (SINR) at D 1 to detect D 2 's message x 2 is given by
where ρ = Ps N0 is the transmit signal-to-noise radio (SNR). Note that x 1 and x 2 are supposed to be normalized unity power signals, i.e, E{x
After SIC, the received SINR at D 1 to detect its own message x 1 is given by
In the FD mode, the received signal at D 2 is written as
. However, the observation at D 2 for the direct link is written as
Due to the existence of residue interference (RI) from relaying link, the received SINR at D 2 to detect x 2 for direct link is given by
where κ denotes the impact levels of RI. Since DF relaying protocol is invoked in D 1 , we assume that D 1 can decode and forward the signal x 2 to D 2 successfully for relaying link from D 1 to D 2 . As a consequence, the observation at D 2 for relaying link is written as
Similarly, considering the impact of RI from direct link, the received SINR at D 2 to x 2 for relaying link is given by
As stated in [31, 33] , the relaying link corresponding to direct link from BS to D 2 has small time delay for any transmitted signals. In other words, there is some temporal separation between the signal from D 1 and BS. To derive the theoretical results for practical NOMA systems, we assume that these signals from D 1 and BS are fully resolvable by D 2 [34] . Hence, we provide the upper bounds of (4) and (5) in the following parts, which are the received SINRs at D 2 to detect x 2 for direct link and relaying link, i.e.
and
respectively. At this moment, the signals from the relaying link and direct link are combined by maximal ratio combining (MRC) at D 2 . So the received SINR after MRC at D 2 is given by
III. OUTAGE PROBABILITY When the target rate of users is determined by its quality of service (QoS), the outage probability is an important metric for performance evaluation. We will evaluate the outage performance in two representative scenarios in the following.
A. User Relaying without Direct Link
In this subsection, the first scenario is investigated in terms of outage probability.
1) Outage Probability of D 1 : According to NOMA protocol, the complementary events of outage at D 1 can be explained as: D 1 can detect x 2 as well as its own message x 1 . From the above description, the outage probability of D 1 is expressed as
where ̟ = 1. γ F D th1 = 2 R1 − 1 with R 1 being the target rate at D 1 to detect x 1 and γ
The following theorem provides the outage probability of D 1 for FD NOMA.
Theorem 1. The closed-form expression for the outage probability of D 1 is given by
where
Proof. By definition, J 1 denotes the complementary event at D 1 and is calculated as
Substituting (11) into (9), (10) can be obtained and the proof is completed. (10) , the outage probability of D 1 for HD NOMA with ̟ = 0 is given by
Corollary 1. Based on
where γ The second is that D 2 cannot detect its own message x 2 on the conditions that D 1 can detect x 2 successfully. Based on these, the outage probability of D 2 is expressed as
The following theorem provides the outage probability of D 2 for FD NOMA.
Theorem 2. The closed-form expression for the outage probability of D 2 without direct link is given by
where ̟ = 1.
Proof. By definition, J 2 and J 3 denote the first and second outage events, respectively. The process calculated is given by
Applying some algebraic manipulations, J 3 is given by:
Combining (15) and (16), (14) can be obtained and the proof is completed.
Corollary 2. Based on (14) , the outage probability of D 2 without direct link for HD NOMA with ̟ = 0 is given by
3) Diversity Analysis: To get more insights, the asymptotic diversity analysis is provided in terms of outage probability investigated in high SNR region. The diversity order is defined as
a) D 1 for FD NOMA case: Based on analytical result in (10), when ρ → ∞, the asymptotic outage probability of D 1 for FD NOMA with e −x ≈ 1 − x is given by
Substituting (19) into (18), we can obtain d (12) , the asymptotic outage probability of D 1 for HD NOMA is given by
Substituting (20) into (18), we can obtain d HD D1 = 1. c) D 2 for FD NOMA case: Based on (14), the asymptotic outage probability of D 2 for FD NOMA is given by
Substituting (21) into (18) 
Substituting (22) into (18) are a constant independent of ρ, respectively. Substituting (19) and (21) into (18), we see that there are the error floors for outage probability of two users.
4) Throughput Analysis:
In this subsection, the delaylimited transmission mode [26, 37] is considered for FD/HD NOMA.
a) FD NOMA case: In this mode, the BS transmits information at a constant rate R, which is subject to the effect of outage probability due to wireless fading channels. The system throughput of FD NOMA without direct link is given by
where P (10) and (14), respectively.
b) HD NOMA case: Similar to (23), the system throughput of HD NOMA without direct link is given by
where P HD D1 and P HD D2,nodir are given in (12) and (17), respectively.
B. User Relaying with Direct Link
In this subsection, we explore a more challenging scenario, where the direct link between the BS and D 2 is used to convey information and system reliability can be improved. However, the outage probability of D 1 will not be affected by the direct link. As such, we only show outage probability of D 2 in the following.
1) Outage Probability of D 2 : For the second scenario, the outage events of D 2 for FD NOMA is described as below. One of the events is when x 2 can be detected at D 1 , but the received SINR after MRC at D 2 in one slot is less than its target SNR. Another event is that neither D 1 nor D 2 can detect x 2 . Therefore, the outage probability of D 2 is expressed as
Unfortunately, the closed-form expression of (25) for D 2 can not be derived successfully. However, it can be evaluated by using numerical simulations. To further obtain a theoretical result for D 2 , exploiting the upper bounds of received SINRs derived in (6) and (7), the outage probability of D 2 is expressed as
where ̟ = 1. The following theorem provides the outage probability of D 2 for FD NOMA.
Theorem 3. The closed-form expression for the outage probability of D 2 with direct link is given by
Proof. See Appendix A.
2) Diversity Analysis:
In this subsection, the diversity order of D 2 with direct link for FD NOMA is analyzed in the following.
a) D 2 for FD NOMA case: For D 2 with direct link, it is challenging to obtain diversity order from (27) . We can use Gaussian-Chebyshev quadrature to find an approximation from (26) and the approximated expression of outage probability for D 2 at high SNR is given by
where N is a parameter to ensure a complexity-accuracy tradeoff, s n = cos 3) Throughput Analysis: Based on the derived results of outage probability above, we obtain the throughput expressions for FD/HD NOMA in delay-limited transmission mode as below.
a) FD NOMA case: As suggested in Section III-A4, the system throughput of FD NOMA with direct link is given by
where P (10) and (27), respectively. b) HD NOMA case: Similar to (29) , the system throughput of HD NOMA with direct link is given by
where P 
Proof. See Appendix B.
As such, we can derive the ergodic rate of D 1 for HD NOMA in the following corollary. 
2) Ergodic Rate of D 2 : Since x 2 should be detected at D 2 as well as at D 1 for SIC, the achievable rate of D 2 without direct link for FD NOMA is written as R D2 = log (1 + min (γ D2→D1 , γ 2,D2 )). The corresponding ergodic rate is given by
, |h 2 | 2 ρ with ̟ = 1.
Obviously, it is difficult to obtain the CDF of X 1 . However, in order to derive an accurate closed-form expression for the ergodic rate applicable to high SNR region, the following theorem provides the high SNR approximation. 
where ξ = (Ω LI − a 1 Ω 1 ).
Proof. See Appendix C.
For
As can be seen from the above expression, (35) 
ln 2
Ei
Proof. See Appendix D.
3) Slope Analysis: In this subsection, the high SNR slope is evaluated, which is the key parameter determining ergodic rate in high SNR region. The high SNR slope is defined as 
Substituting (38) Combing (34) and (38) , the asymptotic expression for ergodic sum rate of FD NOMA without direct link is expressed as
Similarly, combing (36) and (39), the asymptotic expression for ergodic sum rate of HD NOMA without direct link is expressed as
4) Throughput Analysis:
In this subsection, the throughput in delay-tolerant transmission for FD/HD NOMA are presented, respectively. a) FD NOMA case: In this mode, the throughput is determined by evaluating the ergodic rate. Using (31) and (33), the system throughput of FD NOMA without direct link is given by
b) HD NOMA case: Similar to (42), using (32) and (35), the system throughput of HD NOMA without direct link is given by
B. User Relaying with Direct Link
In this subsection, we investigate the ergodic rate of D 2 for FD/HD NOMA with direct link.
1) Ergodic Rate of D 2 :
Assume that the signal x 2 from relaying and direct link can be detected at D 2 as well as at D 1 for SIC. Moreover, considering the effect of RI between these two links, the achievable rate of D 2 is written as R RI D2,dir = log 1 + min γ D2→D1 , γ . Hence, the ergodic rate of D 2 for FD NOMA is given by
where X 2 = min
with ̟ = 1. It is also difficult to obtain the CDF of X 2 and (44) has not closed-form expression. The following theorem provides the high SNR approximation.
Theorem 6. The asymptotic expression for ergodic rate of D 2 with direct link for FD NOMA in the high SNR region is given by
Proof. See Appendix E.
For ̟ = 0, the ergodic rate of D 2 for HD NOMA with direct link is given by
To obtain the closed-form expression of ergodic rate for D 2 , the complicated integrals are required to be computed. Corollary 5 gives an efficient high SNR approximation.
Corollary 5. The asymptotic expression for ergodic rate of D 2 with direct link for HD NOMA in the high SNR region is given by
Combing (38) and (45), the asymptotic expression for the ergodic sum rate of FD NOMA with direct link is expressed as
In the same way, combing (39) and (47), the asymptotic expression for ergodic sum rate of HD NOMA with direct link is expressed as
2) Slope Analysis: Based on the derived asymptotic ergodic rates, the high SNR slopes of D 2 with direct link are characterized in the following. 
3) Throughput Analysis:
a) FD NOMA case: As suggested in Section IV-A4, in delay-tolerant transmission mode, using (31) and (44), the system throughput for FD NOMA with direct link is given by
b) HD NOMA case: Similar to (50), using (32) and (46), the system throughput for HD NOMA with direct link is given by
As shown in TABLE I, the diversity orders and high SNR slopes of two users for FD/HD NOMA are summarized to illustrate the comparison between them. In TABLE I, we use "D" and "S" to represent the diversity order and high SNR slope, respectively. 
V. ENERGY EFFICIENCY
Based on throughput analysis, we aim to provide the system energy efficiency (EE) considering user relaying for FD/HD NOMA systems.
The definition of energy efficiency is given by η EE = Total data rate Total energy consumption .
For FD/HD NOMA energy efficiency, the total data rate is denotes as sum throughput from the BS to D 1 and D 2 and from D 1 to D 2 . The total power consumption is denoted as the sum of the transmitted power P s at the BS and P r at D 1 . Based on results in Section III-A4, III-B3 and IV-A4, IV-B3, the energy efficiency of user relaying for FD/HD NOMA systems are expressed as
respectively. T denotes the transmission time for the entire communication process. Φ ∈ (l nodir, l dir, t nodir, t dir). η l nodir and η l dir are system energy efficiencies without/with direct link in delay-limited transmission mode, respectively. η t nodir and η t dir are system energy efficiencies without/with direct link in delay-tolerant transmission mode, respectively.
VI. NUMERICAL RESULTS
In this section, simulation results are provided to validate our analytical expressions derived in the previous section, and further evaluate the performance of FD/HD user relaying in NOMA systems. Without loss of generality, we assume that the distance between BS and D 2 is normalized to unity, i.e. 
A. Without Direct Link
For user relaying without direct link, the target rate is set to be R 1 = 3, R 2 = 0.5 bit per channel use (BPCU) for D 1 and D 2 , respectively. The performance of conventional OMA is shown as a benchmark for comparison, in which the total communication process is finished in three slots. In the first slot, the BS sends information x 1 to D 1 and sends x 2 to D 1 in the second slot. In the last slot, D 1 decodes and forwards the information x 2 to D 2 .
1) Outage Probability: Fig. 2 plots the outage probability of two users versus SNR without direct link and the value of LI is assumed to be E{|h LI | 2 } = −15 dB. The exact theoretical curves for the outage probability of two users for FD/HD NOMA are plotted according to (10) , (14) and (12), (17), respectively. Obviously, the exact outage probability curves match precisely with the Monte Carlo simulation results. It is observed that the outage performance of FD NOMA exceeds HD NOMA and OMA on the condition of low SNR region. This is because LI is not dominant impact factor in the low SNR region for FD NOMA and answers the first question we raised in the introduction part. Especially, one can also observed that the outage behavior of D 2 for HD NOMA outperforms HD OMA [32, Eq. (8) ]. The asymptotic outage probability curves of two users for HD NOMA are plotted according to (20) and (22), respectively. The asymptotic curves well approximate the exact performance curves in the high SNR region. It is shown that error floors exist in FD NOMA, which verify the conclusion in Remark 3 and obtain zero diversity order. This is due to the fact that there is loop interference in FD NOMA. Another observation is that HD NOMA and OMA are superior to FD NOMA in the high SNR region. Therefore, we can select different operation mode for user relaying according to the different SNR levels in practical cooperative NOMA systems. (23) and (24), respectively. We can observe that FD NOMA achieves a higher throughput than HD NOMA and OMA, since FD NOMA has the low values of LI. It is worth noting that increasing the values of LI from −20 dB to −10 dB reduce the system throughput in high SNR region. This is because FD NOMA converges to an error floor in high SNR region.
2) Ergodic Rate: Fig. 4 plots the ergodic sum rate of FD/HD NOMA without direct link versus SNR and the value of LI is assumed to be E{|h LI | 2 } = −10 dB. The blue and red solid curves denote the achievable rates of D 1 for FD/HD NOMA, respectively. The dashdotted curves denote the achievable rates of D 2 for FD/HD NOMA, respectively. One can observe that the achievable rate of D 1 for FD NOMA is superior to HD NOMA in the low SNR region. This phenomenon can be also explained is that LI has little effect on achievable rate of D 1 in the low SNR region. On the contrary, due to the influence of LI, the ergodic rate of D 1 converge to a throughput ceiling in the high SNR region. Another observation is that the achievable rate of D 2 for FD NOMA exceeds the HD NOMA. This is due to the fact that the communication process is completed over one slot time for FD NOMA. It is also shown that throughput ceilings exist in FD/HD NOMA for D 2 , which verify the conclusion in Remark 5. The dashed curves denote the asymptotic ergodic sum rate for FD/HD NOMA, corresponding to the analytical results derived in (40) and (41), respectively. An important observation is that FD NOMA can achieve the maximal ergodic sum rate corresponding to HD NOMA and OMA in the low SNR region. The reason is that FD NOMA can improve system spectrum efficiency in the low SNR region. This phenomenon answers the third question we raised in the introduction part.
B. With Direct Link
For user relaying with direct link, the target rate is set to be R 1 = 2, R 2 = 1 BPCU for D 1 and D 2 , respectively. The performance of conventional HD NOMA is shown as a benchmark for comparison, which has been discussed in [25] .
1) Outage Probability: Fig. 5 plots the outage probability of two users versus SNR and the value of LI is assumed to be E{|h LI | 2 } = −15 dB. The exact outage probability curves of two users for FD NOMA are given by Monte Carlo simulations and perfectly match with the analytical results derived in (10) and (27) . The approximated outage probability curve for D 2 is plotted according to (28) is practically indistinguishable from the exact expression. We observe that D 2 obtains one diversity order by using the direct link, which overcomes the problem of zero diversity order inherent to FD cooperative systems. This phenomenon answers the second question we raised in the introduction part. More importantly, one can observe that the performance of FD NOMA is superior to HD NOMA in the low SNR region, whilst the performance is inferior to HD NOMA in the high SNR region. Additionally, for D 2 , considering the impact of RI between relaying link and direct link, we plots the corresponding outage probability of D 2 based on (25) denoted by blue dash-dotted curves. As can be seen from Fig. 5 , these simulation results almost match with analytical result derived in (27) by utilizing the upper bound SINR in low SNR region. However, with the increase of RI levels κ, the RI-based simulation results for D 2 converge to a constant and provide an error floor in high SNR region. Hence, the effect of RI should be carefully addressed in practical FD NOMA systems. Another observation is that the outage behavior of D 2 for FD/HD NOMA outperforms HD OMA [39, Eq. (13) ]. That is due to the fact that NOMA can provide more spectral efficiency compared to OMA. Fig. 6 plots the outage probability of the two users versus different values of LI from −20 dB to −10 dB. We see that LI strongly affect the performance of FD NOMA systems.
With the values of LI increasing, the superiority of FD NOMA is no longer apparent. Therefore, it is important to consider the influence of LI when designing practical FD NOMA systems. Fig. 7 plots system throughput versus SNR in delay-limited transmission mode with direct link. The solid curves, representing FD NOMA, is obtained from (29) . The dashed curve, representing HD NOMA, is obtained from (30) . Observe that FD NOMA also outperform HD NOMA in the low SNR region. The reason is that in low SNR region, the outage probability is small and has no effect on the throughput, which only depends on the fixed transmission rates at the BS. curves denote the asymptomatic ergodic sum rate for FD/HD NOMA based on the analytical results derived in (48) and (49), respectively. It is observed that the asymptomatic ergodic sum rate is larger for FD/HD NOMA in the low SNR region. This can be explained as the direct link between BS and D 2 exists and improves system reliability. One can observed from figure, as the RI value increases, the achievable rate of D 2 becomes smaller, such as, setting κ from 0.5 to 1. In addition to consider the effect of LI, it is also important to design effective rake receiver at D 2 for FD NOMA system. Fig. 9 plots the system energy efficiency versus SNR in delay-limited transmission mode for user relaying in NOMA systems. The dashed curves, representing user relaying without (23) and (54), (24) with throughput in delay-limited transmission mode, respectively. The solid curves, representing representing user relaying with direct link for FD/HD NOMA are obtained from (53), (29) and (54), (30) with throughput in transmission mode, respectively. It can be seen that the energy efficiency of user relaying for FD/HD NOMA in delay-limited transmission mode is FD > HD in the low SNR region. The reason is that FD NOMA can achieve larger throughput than that of HD NOMA at this transmission mode. This phenomenon answers the fourth question we raised in the introduction part. Fig. 10 plots the system energy efficiency versus SNR in delay-tolerant transmission mode for user relaying in NOMA systems. The dashed curves, representing user relaying without direct link for FD/HD NOMA are obtained from (40), (53) and (41), (54) with throughput in delay-tolerant mode, respectively. (49), (54) with throughput in delay-tolerant mode, respectively. We observe that user relaying with direct link has a higher energy efficiency compared to without direct link for FD/HD NOMA in the low SNR region. This is because that the direct link improves system throughput at this transmission mode. Additionally, it is worth noting that HD NOMA achieves the higher system energy efficiency in the high SNR region. This is due to the fact that HD NOMA can provide a larger system throughput, while FD NOMA converges to the throughput ceiling in the high SNR region.
C. Energy Efficiency

VII. CONCLUSION
This paper has investigated FD/HD user relaying in cooperative NOMA system and two cooperative relaying scenarios have been considered insightfully. The performance of FD/HD user relaying for NOMA system was characterized. The closed-form expressions of outage probability for two users have been derived. Due to the influence of LI, the diversity orders achieved by two user were zeros for FD NOMA. Therefore, the direct link between BS and far user was utilized to convey information and one diversity order was obtained for the far user. Based on the analytical results, it was shown that FD NOMA was superior to HD NOMA in low SNR region rather than in the high SNR region. The superior of FD NOMA was not apparent with the values of LI increasing. Furthermore, the expressions of ergodic sum rate for FD/HD user relaying were derived. The results showed that FD NOMA achieved a higher sum rate than HD NOMA in the low SNR region. In addition, the system energy efficiencies for FD/HD user relaying were discussed in different transmission modes.
APPENDIX A: PROOF OF THEOREM 3 Based on (26) , the outage probability of D 2 can be expressed as
Furthermore, substituting (2), (6) and (8) to (A.1), J 11 and J 12 can be calculated as
Based on (A.2), using x = yρa 1 + 1, Θ 1 can be calculated as
a1ρΩ2 and φ 2 = a 1 ρΩ 0 . Note that (A.3) is obtained by using Binomial theorem.
Furthermore, using z = 1 x , Θ 2 is given by 
(A.5)
After some algebraic manipulations, J 12 is calculated as
where χ = Ω1 Ω1+τ1ρΩLI . Similarly, J 13 is given by
Combining (A.5), (A.6) and (A.7), we can obtain (27) . The proof is completed.
APPENDIX B: PROOF OF THEOREM 4
To obtain (31), the ergodic rate of D 1 for FD NOMA is expressed as
The CDF of X is calculated as follows where ̟ = 1. We focus on the high SNR approximation of J 1 , which is given by
The CDF of Y is expressed as where ̟ = 1. We focus on the high SNR approximation of J 1 , which is given by where ξ = (Ω LI − a 1 Ω 1 ). After some algebraic manipulations, J 2 and J 3 are obtained as follows:
. (E.8)
(E.9)
Substituting (E.8) and (E.9) into (E.7), we can obtain (45). The proof is completed.
